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• Ex vivo imaging improves the distinction of subfields, allowing a better evaluation of structural correlates to T2 signal Temporal lobe epilepsy (TLE) is the most frequent focal epilepsy in adults and is characterized by spontaneous recurrent seizures, frequently resistant to the currently available drug treatments. 1 In drug-resistant cases, the resection of the epileptogenic focus is the recommended treatment for seizure control. To define the epileptogenic focus, magnetic resonance imaging (MRI) is employed in the presurgical evaluation, and often reveals the presence of hippocampal sclerosis, with hippocampal atrophy and increased T2 signal and relaxation time. 2 Increased T2 signal is an important marker for hippocampal sclerosis. 3, 4 Whereas visual inspection can detect the epileptogenic focus in only 24% of cases, measurement of relaxation time can increase the detection rate to 70-100%. [5] [6] [7] Moreover, measuring the relaxation time can indicate the hippocampus associated with seizure generation in up to 82% of the cases without hippocampal atrophy. 8 Histologic evaluation of the sclerotic hippocampus reveals neuron loss, gliosis, and changes in molecules associated with water homeostasis, such as aquaporin 4 (AQP4) and extracellular matrix (ECM) proteoglycans. [9] [10] [11] AQP4, a water channel expressed by astrocytes, is responsible for controlling brain parenchyma water content and may be implicated in tissue edema in pathologic conditions. 12 In TLE, AQP4 is overexpressed in astrocytes but loses its polarized expression in astrocyte end feet, affecting water homeostasis. 9, 12 Chondroitin sulfate proteoglycans (CSPG) are major components of brain ECM, and studies have shown that changes in extracellular CSPG are associated with increased extracellular space and tissue water diffusion in the brain. [13] [14] [15] MRI studies have provided contradictory indications about the pathophysiologic mechanisms associated with the increased hippocampal T2 signal seen in patients with TLE. 3, 6, 16 Moreover, because T2 signal is highly dependent on tissue water content, 17 changes in molecules associated with brain water homeostasis are potential contributors to a higher T2 relaxation. Thus, we hypothesized that the expression of CSPG and AQP4, as well as changes in glial and neuronal populations, contribute to T2 signal changes seen in the hippocampus of patients with TLE.
Methods

Patients
Patients with drug-resistant temporal lobe epilepsy (TLE, n = 42) were evaluated at the Ribeirao Preto Epilepsy Surgery program (CIREP), from Ribeirao Preto School of Medicine, according to previously published protocols. Once the epileptogenic focus was delineated, patients were submitted to en bloc temporal resection, according to standard techniques. Clinical data from all patients were obtained through review of medical charts. Inclusion criteria were: age between 20 and 60 years; diagnosis of TLE, and quantitative MRI protocol.
Control cases (Ctrl, n = 34) were age-matched patients without history or evidence of cerebral pathology, and were composed of two distinct subgroups: Radiologic controls (RCs, n = 20), voluntary participants who underwent the same MRI presurgical protocol (in vivo) as TLE cases; histologic and radiologic controls (HRCs, n = 14), hippocampi that underwent ex vivo MRI, obtained during autopsy procedures. Exclusion criteria were the presence of MRI abnormalities (for RCs); the presence of pathologic changes in the hippocampus in histologic evaluation (for HRCs); postmortem time higher than 12 h (for HRCs).
This study was registered in Brazilian's Health Ministry and approved by the local Research Ethics Committee of the Hospital das Clinicas (HCRP no. 6286/2010). A written informed consent form, previously approved by the research ethics committee, was obtained from all patients or next-ofkin enrolled in this study. All remaining hippocampal samples were included in our Brain Bank, approved by the Hospital das Clinicas Research Ethics Committee (HCRP no. 9370/2003).
Magnetic resonance imaging
MRI protocols were performed in a Philips Achieva 3.0T X-series with an eight-element phase-array head coil. For the in vivo imaging, TLE and RC cases underwent the standard presurgical relaxometry protocol for epilepsy, with a twodimensional (2D) turbo spin echo sequence (echo time [TE] = 20, 40, 60, 80, and 100 msec; repetition time [TR] = 3,000 msec; flip angle = 90 degrees; echo-planar imaging [EPI] factor = 5; 48 axial slices; voxel size = 1 9 1 9 3 mm; field of view [FOV] = 240 9 180 mm). The total acquisition time was 4 min. Additional diffusion tensor images were also performed in TLE cases (b = 1,000 s/mm 2 and b = 0 s/mm 2 ; TE = 65 msec; TR = 8,400 msec; voxel size = 2 9 2 9 2 mm; FOV = 256 9 144 mm; 32 diffusion directions; acquisition time = 6 min). Hippocampi resected from TLE cases, as well as obtained from autopsy (HRCs), were fixed in formalin for 7 days, after which ex vivo imaging was performed with a finger coil in the same MR machine. For the ex vivo relaxation, turbo spin echo sequences were performed (TE = 25, 50, 75, 100, and 125 msec; TR = 3,400 msec; flip angle = 90 degrees; EPI = 3; 54 coronal slices; voxel = 0.4 90.4 9 0.5 mm; FOV = 25 9 25 mm; 30 averages; acquisition time = 138 min). During the entire ex vivo protocol, the hippocampi were maintained in formalin solution, to preserve the tissue.
FreeSurfer software (Athinoula A Martinos Center for Biomedical Imaging, U.S.A.) was used for the evaluation of hippocampal T2 relaxation and mean diffusivity from in vivo images, whereas ex vivo images were manually segmented using Display software (McConnell Brain Imaging Centre, Canada). Delineation of the hippocampal subfields was performed in ex vivo images with TE = 50 msec, following the hippocampal subfields 18 : molecular layers from fascia dentata, fascia dentata (granule cell layer + hilus), CA4, CA3, CA2, CA1, prosubiculum, and subiculum (Fig. S1 ). Whenever deemed necessary, hippocampal sections stained with hematoxylin were used to help define subfield limits. Tissue borders and surgical artifacts (e.g., hemorrhage) were avoided to prevent partial volume effect and the iron effect on T2 signal, respectively.
All the relaxation maps were calculated using a homemade script based on MINC tools (McConnell Brain Imaging Centre). The T2 values in the entire and subdivided hippocampus were extracted from the T2 maps with the subfield segmented labels. The same procedure was used to obtain the mean diffusivity values extracted from the DTI protocol. To estimate the protein cross-linking effect due to the fixation, the variation of relaxation rates (D relaxation) was calculated by subtracting the ex vivo relaxation value from the in vivo value in each TLE case.
Immunohistochemistry
After surgical/autopsy resection, hippocampal sections at the level of the body were fixed in formalin for 8 days, followed by paraffin embedding. Sections with 8-lm thickness were submitted to immunohistochemistry for the detection of neuronal nuclei (NeuN, a neuronal marker), AQP4, or CSPG antigens, whereas 3-lm sections were used for the detection of glial fibrillary acidic protein (GFAP, a marker of reactive astrocytes) or human leukocyte antigen-Drelated (HLA-DR, a marker of activated microglia). Immunohistochemistry was performed according to previously published protocols. 1 The primary antibodies used in this study were anti-GFAP (clone 6F2, #M0761; Dako), anti-HLA-DR (clone TAL.1B5, #M0746; Dako), anti-NeuN (clone A50, #MAB377; Chemicon), anti-AQP4 (H-80, #sc-20812; Santa Cruz Biotechnology), and anti-CSPG (clone CS-56, #C8035; Sigma), diluted in blocking buffer at 1:500, 1:100, 1:500, 1:1,000, and 1:50, respectively. AQP4 immunohistochemistry was optimized to detect polarized AQP4 rather than total AQP4 content, by using a more diluted antibody solution and a lower revelation time.
Micrographs from all hippocampal subfields were collected with a camera AxioCamMR5, attached to an Axio Imager M1 microscope (Zeiss), and fed to a Windows computer with the AxioVision 4.8.1 software (Zeiss). All images were collected with 2009 magnification, under constant illumination. The analysis was performed with ImageJ 1.45s software (National Institutes of Health). A semi-quantitative analysis of the immunopositive area fraction was done with threshold tool, following published protocols. 18 Briefly, a threshold gray value was defined according to control staining. Only pixels with a gray value equal or superior to the threshold were considered positive for the presence of the antigen, allowing the quantification of the percentage of positive pixels within the region of interest. The neuronal population was evaluated by neuron density estimation. Briefly, neuron count was performed within a region of interest in all subfields, and neuron density was obtained by Abercrombie's correction, as described elsewhere. 18 All TLE cases were classified according to the hippocampal sclerosis type.
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The hippocampal subfields evaluated were outer and inner molecular layers of fascia dentata, granule cell layer, hilus, CA4, CA3, CA2, CA1, prosubiculum, and subiculum, as defined previously. 18 
Statistics
Analysis of variance (ANOVA) or Student's t-test was performed for the parametric variables, whereas MannWhitney was used for nonparametric data. Spearman's correlation tests were performed to evaluate the association between histologic and MR data. Results were considered significant at p < 0.05.
Results
Clinical data
All groups were age-matched, with no significant difference (HRCs = 48.6 AE 12.8 years; RCs = 43.6 AE 7.6 years; TLE cases = 42.2 AE 10.8 years; p = 0.147). All TLE patients presented hippocampal sclerosis (HS), being 35 HS International League Against Epilepsy (ILAE) 1, 6 HS ILAE 2, and one HS ILAE 3. Seven patients had dual pathology (six cortical dysplasia cases and one grade II astrocytoma not involving the hippocampus). Despite being hippocampal sclerosis cases, 67% of patients with TLE had normal hippocampal volume (3.27 AE 0.62 cm 3 , ranging from 2.5 to 5.5 cm 3 ), and 33% had hippocampal atrophy (2.00 AE 0.35 cm 3 , ranging from 1.40 to 2.43 cm ). First seizure occurred at 9.2 AE 8.8 years, and recurrence occurred at 16.9 AE 10.6 years. Nineteen patients had a history of an initial precipitant injury in the first years of life, and eight patients experienced status epilepticus at least once in life. Seizure frequency was 9.7 AE 9.4 seizures per month, and 10 cases presented with seizures in clusters. We found no correlation between clinical data and T2 relaxation time.
T2 relaxation time
The in vivo hippocampal relaxation time of TLE patients was significantly higher than the RC group (p < 0.001; Fig. 1A ). Compared to the in vivo protocol, the ex vivo imaging had a better definition of hippocampal structure (Fig. 2) . The ex vivo relaxation time was higher in the molecular layers, CA4, CA3, CA2, CA1, prosubiculum, and subiculum of TLE when compared to HRC (p ≤ 0.02; Fig. 1B ). The total ex vivo hippocampal relaxation time Relaxation time from the hippocampi of temporal lobe epilepsy (TLE) patients (red box plots) and control cases (yellow box plots). Increased in vivo relaxation time is seen in the whole hippocampus (HIP) from TLE patients, when compared to radiologic control (RC) cases (A). The ex vivo evaluation (B) shows higher whole hippocampal relaxation time (HIP), as well as higher relaxation time in the molecular layers (ML), CA4, CA3, CA2, CA1, prosubiculum (PRO), and subiculum (SUB) of TLE patients, when compared to histologic and radiologic controls (HRCs). The dots in the box plots represent mean, and the asterisks indicate difference from control cases (RC for in vivo and HRC for ex vivo imaging). FD, fascia dentata. Epilepsia ILAE
A1
A2 A3 B1 B2 B3 Figure 2 . Ex vivo T 2 -weighted image and histology of the hippocampal formation of a control case (A1-A3) and one TLE case (B1-B3). See the fairly good definition of the ex vivo imaging (A2 and B2), when compared to hippocampal section of the respective cases submitted to hematoxylin and eosin (H&E) staining (A1 and B1). , and S4). The loss of AQP4 polarization was evident in the astrocyte proximal processes and end feet close to the blood vessels in TLE (see Fig. 3D-D 0 ). TLE patients had increased CSPG area fraction, when compared to HRCs, in the inner and outer molecular layers, hilus, CA4, CA3, CA2, CA1, prosubiculum, and subiculum (p ≤ 0.002; Figs. 3E-E 0 , 4E, and E-E 0 in Figs. S2, S3, and S4). In the granule cell layer, TLE group had a trend toward increased area fraction in relation to HRC values (p = 0.051).
Correlations between MRI and histology
In TLE, both in vivo and ex vivo relaxation time correlated with GFAP area fraction, whereas HLA-DR correlated only with ex vivo relaxation and CSPG area fraction correlated only with in vivo relaxation and D relaxation rate (Table 1) . There was no correlation between in vivo and ex vivo hippocampal relaxation times, or between in vivo relaxation time and polarized AQP4. Of special interest, in vivo hippocampal T2 relaxation time correlated with GFAP area fraction in the subiculum (Fig. 5A ) and with CSPG area fraction in the hilus (Fig. 5B) , whereas the ex vivo relaxation time and GFAP area fraction correlated in the hilus and in the subiculum (Fig. 5C,D) . The D relaxation rate in TLE hippocampi correlated with the area Immunohistochemistry quantification of NeuN-positive neurons (A), GFAP area fraction (B), HLA-DR area fraction (C), polarized AQP4 area fraction (D), and CSPG area fraction (E) in TLE (red box plots) and HRC (yellow box plots). Reduced neuron density, expressed as thousands of cells per mm 3 , is seen in granule cell layer (GCL), hilus (HIL), CA4, CA3, CA2, CA1, and prosubiculum (PRO) of TLE group, when compared to HRC (A). Increased GFAP area fraction is observed in the outer molecular layer (OML), inner molecular layer (IML), GCL, CA4, CA3, CA2, CA1, PRO, and SUB of TLE cases, compared to HRC (B). Increased HLA-DR area fraction was seen in OML, IML, GCL, HIL, CA4, CA3, CA2, CA1, and PRO of TLE cases, when compared to HRC (C). TLE patients have reduced polarized AQP4 area fraction in all hippocampal subfields, when compared to HRC (D). The area fraction for CSPG is significantly higher in the OML, IML, HIL, CA4, CA3, CA2, CA1, PRO, and SUB of TLE cases, when compared to HRC (E). The dots in the box plots represent mean, and the asterisks indicate difference from HRC. Epilepsia fraction for CSPG in the hilus (Fig. 5E ) and with the mean diffusivity of the hippocampus (Fig. 5F ). Other positive correlations are presented in Table 1 . A combined evaluation of TLE and HRC groups revealed positive correlations between the ex vivo T2 relaxation and the area fractions of GFAP, HLA-DR, and CSPG of several hippocampal subfields (Table 1) .
Discussion
In the present study, we measured in vivo and ex vivo hippocampal T2 relaxation in TLE and correlated T2 relaxation with matrix CSPG, AQP4, and changes in hippocampal cellular populations (i.e., neurons, reactive astrocytes, and activated microglia). We found that in vivo relaxation time correlated with extracellular CSPG in TLE and that both in vivo and ex vivo relaxation times correlated with gliosis (measured by GFAP and HLA-DR area fractions) and CSPG in TLE alone and in all evaluated cases. We found no correlation between in vivo T2 relaxation times and polarized AQP4 expression.
Several studies have shown increased hippocampal T2 signal and relaxation time in presurgical MRI of patients with TLE. [3] [4] [5] [6] 8 As for fixed tissue, only a few studies have evaluated ex vivo MRI in TLE. Similar to presurgical MRI, increased T2 signal was seen in fixed samples of focal cortical dysplasia 19 and hippocampal sclerosis, 16 whereas variable T2 changes were seen in temporal pole blurring. 20 In our study, both in vivo and ex vivo relaxation time were higher in the hippocampus of TLE patients when compared to control cases. However, there was no correlation between the in vivo and the ex vivo signal. Although studies indicated that ex vivo signal often follows the in vivo changes, 16, 19, 21, 22 only one study 21 tried to correlate both signals, finding no association between in vivo and ex vivo relaxation time. A possible reason for the reduction in the ex vivo relaxation and the lack of correlation with in vivo relaxation in TLE is the loss of hippocampal water content with fixation. In fact, we found that the higher the difference between in vivo and ex vivo relaxation (i.e., D relaxation), the higher the mean hippocampal diffusivity, an indicator of water content measured by DTI. 23 Thus, the loss of water that occurred during fixation is associated with the lack of correlation between in vivo and ex vivo relaxation. In a hypothetical scenario, two patients with the same in vivo relaxation times but whose hippocampal water content is different will have different ex vivo signals: a patient whose high in vivo relaxation time is strongly associated with water content would, after fixation, have a lower ex vivo relaxation than a patient whose in vivo T2 increase is associated primarily with other tissue changes known to affect T2 signal, such as gliosis.
Gliosis is a common finding in the hippocampus of TLE patients. 4, 18, 24, 25 Our evaluation revealed increased astroglial reaction and activated microglia (measured as, respectively, GFAP and HLA-DR area fractions) in all hippocampal subfields, and both glial cells correlated with the relaxation time. Despite the common conception that the increased T2 signal seen in TLE is related to gliosis, only a few studies tried to correlate in vivo relaxation time with Ex vivo MRI were evaluated in the individual subfields and correlated with immunohistochemistry evaluation of the respective subfield. The exceptions were OML and IML, which were correlated with the MR label grouping both subfields (molecular layer of fascia dentata label); and GCL and HIL, correlated with the MR label grouping GCL and hilus (fascia dentata label). Please see Fig. S1 for the MR labels.
gliosis. In one study, the degree of damage in CA1 and the hilus, measured as glia/neuron ratio, was associated with increased hippocampal relaxation. 6 However, an individual analysis of glial and neuronal populations indicated a significant negative correlation only between neuron density and hippocampal relaxation. 6 The authors suggested that their samples lacked a sufficiently wide range of gliosis to explain the lack of correlation between T2 signal and gliosis. 6 Another study showed a positive correlation between reactive astrocyte density in the granule cell layer and increased T2 signal. 3 In the present study, astrogliosis in the subiculum was associated with in vivo hippocampal relaxation time. Furthermore, ex vivo evaluation of TLE hippocampi indicated correlations between relaxation and Figure 5 . Scatterplots with regressions of TLE patients (red dots). The in vivo hippocampal relaxation correlates with the CSPG area fraction in the hilus (A) and the GFAP area fraction in the subiculum (B). As for the ex vivo protocol (C, D), the GFAP area fraction correlates with the relaxation time in the hilus (C) and in the subiculum (D), among other areas. The difference of hippocampal relaxation (in vivo -ex vivo relaxation time) correlates with the CSPG area fraction in the hilus (E), and with the mean diffusivity, measured by DTI (F). Epilepsia ILAE astrogliosis in the molecular layers, hilus, CA4, and subiculum, and between the ex vivo relaxation and microgliosis in CA1. A recent study with ex vivo MRI in the hippocampus of TLE patients found no correlation between T2 signal and gliosis. 16 In contrast to our study, evaluation of T2 signal instead of T2 relaxation time and the sample size are possible reasons for the lack of correlation between T2 signal and gliosis in the study mentioned above. 16 CSPG is, along with hyaluronic acid, the main component of brain ECM. 13 Studies have shown increased levels of CSPG in the hippocampus of TLE patients and animal models. 10, 15, [25] [26] [27] In the present study, we saw increased chondroitin sulfate levels, evaluated as CS-56 area fraction, in all hippocampal subfields but the granule cell layer. Furthermore, the levels of chondroitin sulfate in the hilus were correlated with the relaxation time in vivo and with the D relaxation in TLE patients. In the brain, increased levels of ECM molecules are strongly associated with gliosis. 13, 28, 29 Moreover, changes in the ECM composition are linked with granule cell dispersion and axonal reorganization seen in TLE. 15, 30, 31 Regarding T2 relaxation, the higher hydration ability of the CSPG polysaccharides, as compared to the nonsulfated polysaccharides of other ECM molecules, 32 make them potential candidates for increases in T2 signal. In fact, the developmental increase of CSPG in the intermediate zone of human fetal brain is followed by an increase in T2 signal, 33 and the degradation of CSPG reduces T2 signal intensity in cartilage. 34 In TLE, we showed that CSPG levels were crucial for maintaining hippocampal volume. 25 The present study indicates the importance of CSPG for the higher in vivo T2 relaxation seen in the hippocampus of TLE patients.
Another molecule critical for water homeostasis, AQP4 is expressed by astrocytes as arrays in proximal processes, perivascular end feet, and the glia limitans. 12 This polarized expression is crucial for water and potassium homeostasis, as indicated by knockout models for a-syntrophin. 35 Whereas some experimental studies indicated no correlation between AQP4 expression and T2 signal, 36, 37 others indicated a relation between T2 signal and AQP4 expression. 38, 39 The TLE patients of the present study had a reduction in polarized AQP4 in all hippocampal subfields, but there was no correlation between AQP4 and in vivo T2 relaxation. One possible reason for the lack of correlation is the need for a more direct AQP4 quantification, such as western blot or gene expression.
Because several studies have shown the heterogeneity of pathologic changes throughout the hippocampal subfields, 1, 11, 18 the same heterogeneity could be expected for the T2 signal. In fact, a study indicated changes in T2 signal along the head, body, and tail of the hippocampus. 40 Reinforcing these observations, we found subtle variation in T2 signal in the hippocampal subfields at the level of the hippocampal body (seen in Fig. 1B) . The better signal-to-noise ratio and the smaller voxel size of the ex vivo MRI allowed the detection of T2 relaxation in each subfield. Moreover, even when compared with higher-field MRI, 16, 41, 42 our ex vivo protocol in 3T provided an excellent anatomic definition of internal hippocampal structure, allowing a more direct correlation between gliosis and the increased T2 signal seen in the hippocampus of TLE patients.
Finally, a correlational analysis grouping TLE and controls further strengthened the association between gliosis, measured as GFAP and HLA-DR area fractions, and increased ex vivo T2 relaxation of several hippocampal subfields. This additional analysis also indicated correlations between extracellular CSPG levels and ex vivo T2 relaxation, which was not seen in TLE alone. The combination of TLE and controls aimed a broader overview on which tissue characteristics could impact the T2 relaxation phenomenon, and reinforced our findings regarding tissue correlates of T2 signal.
Some limitations of the present study must be highlighted. First of all, we only evaluated the association between T2 relaxation and five molecules (three cell markers and two molecules more directly associated with water homeostasis) when, in fact, hundreds of ions and molecules that are up-or down-regulated in the hippocampus of TLE patients are potential contributors for T2 changes. Adding more complexity to in vivo T2 correlates in TLE, temporary tissue changes promoted by seizures, such as the opening of the blood-brain barrier, 43 could transiently affect the T2 signal. The fact that several molecules, as well as transient changes, could contribute to changes in T2 signal may explain the low correlation coefficients seen in our study. In addition, it is probable that, with more cases, we could have stronger correlations than the ones we report in this study. Finally, as mentioned previously for AQP4, better quantification techniques, such as Western blot, could improve the association between the pathologic changes and the increased hippocampal relaxation time seen in TLE patients.
In conclusion, our data indicate that gliosis and increased CSPG levels are correlated with increased hippocampal T2 relaxation in TLE patients. Moreover, the individual evaluation of T2 relaxation in each hippocampal subfield improved the detection of associations between T2 signal and the pathologic changes seen in TLE, indicating the heterogeneity of changes in T2 and the importance of more refined evaluations in magnetic resonance studies.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Figure S1 . Representative image of the hippocampal subfields evaluated in ex vivo MRI images. In A, T 2 -weighted image of a control case and in B the same image with the labels for each evaluated subfield. Dark green = molecular layers of Fascia dentata; red = Fascia dentata; light green = CA4; blue = CA3; cyan = CA2; pink = CA1; yellow = prosubiculum; purple = subiculum. 
